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VOLUNTARY HEAD MOVEMENT AND ALLOCENTRIC
PERCEPTION OF SPACE

MARK WEXLER

Abstract. Although visual input is egocentric, some visual percep-
tions and representations may be allocentric, i.e., independent of the
observer’s vantage point or motion. By comparing the visual perception
of 3D object motion during voluntary and involuntary motion in human
subjects, results of three experiments show that the motor command
contributes to the objective perception of space: observers executing
voluntary head movements are more likely to apply, consciously and un-
consciously, spatial criteria relative to an allocentric frame of reference
than while undergoing similar involuntary displacements—which lead to
a more egocentric bias. Furthermore, details of the motor command are
crucial to spatial vision, since allocentric bias decreases or disappears
unless self-motion and motor command match.

An important property of our visual system is that its viewpoint con-
stantly moves through space, usually as a result of voluntary motor action
on the observer’s part. At least two reference frames are therefore possible
for spatial vision: an egocentric or subjective frame centered on the eye
and therefore fixed to the head, and an allocentric or objective, earth-fixed
frame.

Perceiving spatial information in an allocentric frame is perhaps the ul-
timate form of spatial constancy, and has important advantages. An eco-
logical advantage is that it allows one to see whether an object is moving
at all, rather than moving relative to the observer. There are also computa-
tional advantages: the world can be assumed to be stable in this reference
frame, and representations of objects and spatial relations do not have to
be updated as one moves about. However, retinal data are in an egocentric
frame—they contain information only on relative motion between object
and observer. To convert this to an allocentric frame, self-motion—the
movement of eyes through space as the result of eye rotations and head
movements—must be evaluated and added to relative motion.

Does spatial vision make use of information about self-motion, and, in
particular about head motion? (The rest of this article, which focuses on
3D vision, will concentrate on head movements—which result in depth in-
formation from motion parallax—whereas eye rotations do not.) One way to
to address this question is to compare the visual performance of observers in
different self-motion conditions, while keeping visual input constant. Held
and his colleagues compared actively moving to passively moved human ob-
servers, finding effects of voluntary action on visuomotor learning [1] (and on
visual development in cats [2]). Though comparisons between actively mov-
ing and immobile observers had seemed to show no effect of self-motion on
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the precision of spatial vision [3], it was recently demonstrated that actively
generated motion parallax can lead to different perceptions of 3D shape than
the same visual stimulation experienced by an immobile observer [4]. The
complement to the perception of 3D shape and motion of objects is the per-
ception of self-motion relative to the environment; it has been shown that
extra-retinal information about head and eye movements is integrated with
optic flow in the perception of heading [5, 6].

The use of allocentric reference frames has been studied mainly in the
context of spatial memory, where it could constitute a basis for the forma-
tion of mental maps that allow for correct spatial behavior, independent
of an animal’s position or orientation [7]. In the hippocampus of rats, for
instance, ‘place cells’ code position in an allocentric frame [8]. In monkey
hippocampus, neurons have recently been found that code allocentric posi-
tion during active, but not passive, motion [9]; in monkey posterior parietal
cortex, there is a hierarchy of cells that code positions in retinotopic, cran-
iotopic, and spatiotopic (allocentric) frames [10]. In human infants, active
displacement has been found to favor spatial memory in an allocentric frame
[11], and a similar result has been obtained in a robotic learning model [12].

These neurophysiological and behavioral studies have pointed to volun-
tary self-motion playing a role in long-term, learning processes in spatial
perception and representation. The experiments presented here compare
immediate visual perception in subjects either engaged in voluntary mo-
tion, or passively undergoing similar movements. The results show for the
first time an immediate effect of voluntary self-motion on spatial vision, and
notably on the capacity to use an allocentric reference frame. Two experi-
mental paradigms are used: one in which the choice of reference frame is an
explicit and conscious part of the task (Experiment 1), and one in which it
is unconscious (Experiments 2 and 3).

Experiment 1

While performing backward-and-forward head movements, subjects view-
ed a binocularly presented virtual object, also in motion. Their task was
to decide whether the object moved, with respect to the otherwise invisible
room, in the same or in the opposite direction as they did—an explicitly
allocentric criterion (cf. ref. [13]). As illustrated in Fig. 1, the object’s
movement was yoked to that of the subject with a gain γ: when the subject’s
head underwent a displacement ∆z perpendicular to the image, the object
moved by γ∆z along the same axis. Thus, if the point of subjective equality
(where half the answers are “towards” and half are “away”) falls at γ0 = 0,
subjects do make use of an allocentric stationarity criterion, as instructed;
if, on the other hand, γ0 = 1, an egocentric criterion is used.

The main independent variable of interest was the type of movement:
in one block (vol), the subject performed voluntary backward-and-forward
head movements while seated in an immobilized wheelchair; in the other
block (invol), the subject’s head was fixed to the back of the wheelchair,
which was moved by the experimenter. To ensure that head trajectories
in the two conditions were similar, trials were automatically aborted and
restarted unless trajectories met certain kinematic criteria.
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Figure 1. In Exp. 1, subjects engaged in voluntary and in-
voluntary back-and-forth head movements; for each displace-
ment ∆z of the midpoint between the subject’s eyes towards
or away from it, the virtual object, projected with binocular
disparity, underwent the same translation (in an earth-fixed,
allocentric reference frame) as the subject’s head, but with a
gain along the z-axis, γ∆z.

Methods.

Participants. Eleven paid volunteers participated, with 6 performing the
vol block first, and 5 the invol block first.

Apparatus. Head position and orientation were measured with a high-pre-
cision head tracker. Stimuli displayed on a computer monitor coupled to
shutter glasses to provide binocular disparity. Other than the stimuli, all
experiments were performed in complete darkness. In particular, the moni-
tor frame was invisible. Further details are described in ref. [14].

Stimuli. The virtual object projected on the monitor was a 5×5 square grid
parallel to the plane of the monitor, with each cell 1 cm in length and edges
horizontal and vertical. The initial position of the grid center was (x0, y0, Z),
with Z = −10, 0, or 10 cm, and x0, y0 the initial coordinates of the midpoint
between the subject’s eyes. (In these coordinates, the xy-plane is the mon-
itor with the origin at the center, the x-axis points to the subject’s right,
the y-axis upwards, and the z-axis towards the subject.) When the sub-
ject’s head moved by (∆x,∆y, ∆z) between two monitor refreshes, the grid
translated by (∆x,∆y, γ∆z), where γ varied from −1.1 to +1.1 from trial
to trial. The grid center thus always remained directly opposite the point
between the subject’s eyes. The stimulus was viewed binocularly, because
without cues to absolute depth, concomittant motion could be interpreted
as illusory depth.

Procedure. In the vol condition, the subject sat in an immobilized wheel-
chair; a trial began when the subject’s position (midpoint between the eyes)
was within 5 cm of the point 100 cm from the monitor screen, directly oppo-
site its center. The subject performed oscillatory head movement along the
z-axis (perpendicular to the monitor). Subjects were instructed to minimize
lateral and vertical movement (indeed, the mean RMS displacements in the
xy plane did not exceed 28% of those along the z-axis, for any subject in
any experiment). The starting direction (forward or backward) was verbally
cued. When displacement along the z-axis reached 6 cm, a tone sounded to
instruct the subject to change direction; if the displacement exceeded 12 cm,
the trial was aborted and re-started. The subject performed 2.5 such cy-
cles, with the stimulus grid visible only after the first half-cycle. The subject
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Figure 2. Results of Exp. 1. Curves indicate responses
averaged over subjects. Mean bias and width were calcu-
lated by fitting individual subject data with logistic curves,
and averaging the parameters thus obtained. Bars indicate
between-subject standard errors.

could then stop moving; the stimulus was replaced by two icons representing
“same” and “opposite direction” responses, from which the subject selected
by pressing a mouse button.

In the invol condition, the subject’s head was attached to the back of the
wheelchair. With the brakes removed, the experimenter, standing behind
the wheelchair, moved it backward-and-forward (the wheelchair was modi-
fied so that it could not turn sideways), with the subject’s head motion (as
measured by the headtracker) subject to the same kinematic restrictions as
in the corresponding vol trials.

Results and discussion. The raw data are shown in Fig. 2 as the fraction
of “same-direction” responses for different values of γ. Individual subject
data were fitted to the logistic function [1+3−(γ−γ0)/w]−1, where the bias γ0

indicates the point of subjective stationarity, and the width w the precision.
Mean biases and widths are shown in Fig. 2. In vol, the mean point of
subjective stationarity was closer (γ0 = 0.38) to the allocentric criterion
(γ0 = 0) than in invol (γ0 = 0.57, t10 = 4.59, p < 0.001). The widths, on
the other hand, were not significantly different in vol and invol (0.092 and
0.115, respectively, t10 = 1.00). To make sure that learning effects were not
confounded with the vol/invol variable, one group of subjects performed
the conditions in the order vol-invol, while the other group did so in the
opposite order; there was no significant interaction between the group and
the vol/invol variables.
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To properly compare performance in vol and invol one has to make sure
that head trajectories were very similar in these conditions, and that any
small differences in the trajectories could not account for the performance
differences. This analysis is presented in the Appendix.

Experiment 2

Experiment 1 shows that when using an allocentric criterion is explicitly
required, subjects are capable of doing so to a higher degree when actively
moving than when passively undergoing similar trajectories. Exp. 2 inves-
tigates whether the same is true when the use of an allocentric frame is an
unconscious part of the task, using an ambiguous stimulus.

To resolve ambiguities of movement, the visual system often ‘attempts’,
unconsciously, to minimize motion [15, 16, 17, 18]. Recently, we have de-
vised an ambiguous stimulus for the moving observer in which one solution
minimizes motion in an allocentric frame, while the other does so in an ego-
centric frame [14]. Studying observers in voluntary motion, we found a bias
towards the allocentric solution. What will happen to this allocentric bias
in the case of involuntary motion?

Here, we use the same stimulus as in the second expriment of ref. [14]—
see Figure 3. Concretely, while the subject performs voluntary (vol) or
involuntary (invol) backwards-and-forwards head movements as in Exp.
1, a set of moving dots is displayed on the computer screen. The dots’
movement is yoked to that of the subject in such a way as to allow the
two 3D interpretations described above (see Fig. 3b): a plane (A) whose
center is stationary in an allocentric frame, or a plane (E ) whose center
undergoes the same movement as the subject, and is therefore stationary
in an egocentric frame. The two planes also rotate in the image plane, but
about axes that differ by 90◦; the subject’s task, following the presentation of
the stimulus, is to indicate its perceived axis of rotation. From this response
(which is cognitively opaque), we can determine which solution the subject
unconsciously chooses—and how the degree of allocentric bias depends on
the subject’s motion being voluntary.

Methods.

Participants. Twelve new subjects participated, with each performing 2 vol
blocks and 1 invol block, in the order vol-invol-vol.

Apparatus. Same as Exp. 1, except with the stimulus presented monocularly.

Stimuli. A set of pixels was presented monocularly, the projections of 50
dots on a virtual plane with slant σ = 45◦ and tilt chosen from the set
0◦, 30◦, . . . , 330◦. On the average, the size of the stimulus was 10◦. The
density of the dots was circularly symmetric (to minimize texture depth
cues), and proportional to r−4/3, with r the distance from the center: lower
density at the edges made them irregular and less salient. The virtual object
rotated about a frontal axis perpendicular to its normal, with angular speed
v/ tanσ, where v was the subject’s speed along the z-axis normalized by the
distance from the stimulus—so that the two maxima of rigidity were the A
and E solutions described above [14].
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(a)

(b)

Figure 3. (a) Experiments 2 and 3 relied on an ambigu-
ity in optic flow. During an observer’s translatory motion
towards or away from a plane whose center is fixed (in an
earth-fixed, allocentric frame), and which rotates with a cer-
tain speed about an axis perpendicular to its normal, the op-
tic flow is roughly the same as a plane whose center is fixed
with respect to the moving subject (i.e., which reproduces the
subject’s translatory movements), and which rotates at the
same speed as the first plane, but whose orientation and axis
of rotation are shifted by 90◦ with respect to those of the first
plane. (b) Thus, the moving observer can perceive a 3D con-
figuration that minimizes motion in an allocentric frame (A),
or one that does so in an egocentric frame (E). For further
details, including a mathematical derivation, see ref. [14].

Procedure. Similar to Exp. 1, with minor changes (1.5 cycles of motion,
starting distance of 90 ± 10 cm, amplitude 7 cm, and a limitation of the
period of oscillation to below 6 s). During the response phase, a probe line
could be rotated by inclining a joystick. Subjects adjusted the probe so
that it appeared to coincide with the rotation axis of the stimulus (or its
projection).

Results and discussion. The distributions of axis angle responses, with
respect to the axis of the A solution, are shown in Fig. 4. There is a clear
difference between the conditions: subjects chose the A solution more often
in vol than in invol. To quantify this difference, the allocentricity is defined
as the fraction of trials in which responses were closer to the A than to the
E solution. Allocentricity, also shown in Fig. 4, was significantly higher
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Figure 4. Results of Exps. 2 and 3. Histograms represent
distributions of absolute axis angle differences with respect
to the allocentrically most stationary solution. Curves show
the allocentricity measure, the fraction of responses closer to
the solution that minimizes motion in an allocentric reference
frame. Bars represent between-subject standard errors.

in vol (0.543) that in invol (0.257) (t11 = 6.8, p < 10−4). This vol-
invol difference was not due to any learning or sequence effects: t tests
show no significant difference in allocentricity between the first and second
vol blocks. As shown in the Appendix, trajectories in vol and invol
are very similar, and the small differences do not account for differences in
performance. These results show that when spatial reference frame criteria
are unconscious, rather than explicit, as in Exp. 1, subjects also make use
of an allocentric reference frame more during voluntary than involuntary
motion.

Experiment 3

The results of Exp. 2 do not tell us whether any voluntary action re-
sulting in the movement of the eye through space is sufficient to trigger a
bias towards an allocentric least-motion criterion (the trigger hypothesis);
or whether, in the active observer, the details of the motor command lead
to a predicted self-motion, which is used to compensate egocentric sensory
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data and to convert it to an allocentric frame (the prediction hypothesis).
To distinguish between these hypotheses, a mismatch condition (mism) was
added to Exp. 2, in which observers actively generated self-motion by turn-
ing the wheels of a wheelchair with their arms. Since none of the observers
had had any experience with this type of locomotion, resulting self-motion
did not match the details of the the motor command. The trigger hypothesis
predicts that the results of the mism condition should resemble those in the
vol condition, while according to the prediction hypothesis results of mism
should resemble those in invol.

Methods. Identical to Exp. 2, except for the additional mism condition,
in which the subject’s head was attached as in invol, but the motion was
driven by the subject’s turning the wheelchair wheels with his or her arms.
Six new subjects participated (none with prior experience of arm-driven
locomotion in a wheelchair, and none needing more than a few minutes to
learn to operate the wheelchair with the required kinematics), with half
performing the conditions in the order vol-invol-mism-vol, and half in
the order vol-mism-invol-vol.

Results and discussion. Results are shown in Fig. 4. As in Exp. 2, sub-
jects had a significantly higher allocentricity in vol than in invol (t5 = 4.97,
p < 0.01). (The subjects in Exp. 3 had higher mean allocetricity than those
in Exp. 2, but these between-group differences were not significant. On the
other hand, the vol-invol differences were very similar in the two groups:
0.286 in Exp. 2, 0.281 in Exp. 3.) Subjects had a significantly higher allo-
centricity in vol than in mism (t5 = 3.61, p < 0.05), while there was no
significant difference between invol and mism (t5 = 1.12, p = 0.3). Thus,
although it is impossible to exclude the contribution of voluntary arm motion
in the mismatch condition, we can conclude that it is insufficient to account
for the degree of allocentric bias during voluntary motion. These results
therefore agree with the prediction hypothesis, and contradict the trigger
hypothesis. We conclude that in voluntary motion, the detailed motor com-
mand is converted into a metric prediction of self-motion (unless there is a
mismatch), which is then used to convert visual data to an allocentric frame.

General discussion

The results of three experiments show, for the first time, that voluntary
motion can play an important role in the immediate visual perception of
3D object motion and shape, and notably in the use of allocentric spatial
criteria. Experiment 1 shows that when the task involves conscious allocen-
tric criteria (i.e., the explicit judgment of motion in an allocentric frame),
subjects are better able to apply such criteria when actively generating their
head movements than when passively undergoing similar trajectories. Ex-
periment 2 shows that a similar result holds in a case where allocentric cri-
teria are unconscious: subjects are more likely to apply least-motion criteria
in perceptually disambiguating 3D motion and structure in an allocentric
frame in voluntary than in involuntary motion. Finally, Experiment 3 shows
that in the case of voluntary motion, the details of the motor command play
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an important role: a mismatched motor command leads to similar perfor-
mance as in involuntary motion.

Extra-retinal self-motion information can be categorized into two types,
motor and proprioceptive. Motor information arises from the origin of the
motor signal in the brain, an ‘re-afferent copy’ or corollary discharge of
which are used in vision. [19, 20]. Proprioceptive information arises from
sensory feedback once the subject is moving, in particular from vestibular
and somatosensory signals. The main difference between the voluntary and
involuntary motion is that, while proprioceptive signals are available in both
types of motion, motor signals are absent or highly diminished in involuntary
motion. However, in the present experiments some secondary somatosen-
sory signals also differed between voluntary and involuntary conditions, and
vestibular signals may be different in the two cases [21, 22]. However, if the
robust differences between voluntary and involuntary motion demonstrated
here are due to motor signals, one can conclude that motor signals in head
motion play an important role in the allocentric perception of space. Fur-
thermore, from the results of Exp. 3, we can conclude that it is not the
mere presence of a corollary discharge, but the details of the motor com-
mand that are crucial to spatial vision. Insofar as vision in an allocentric
frame is a form—perhaps the ultimate form—of spatial constancy, this find-
ing echoes the role of efference copy in spatial constancy in the context of
eye movements [23, 24, 25, 26, 27].

What role could learning play in the incorporation of self-motion signals
in spatial vision? For instance, would the results of the mismatch condition
be different in wheelchair-bound subjects used to this form of locomotion?
Could subjects learn to make do with nothing but proprioception with suffi-
cient exposure to passive locomotion? The last proposition seems doubtful,
given the existing prevalence of passive motion (e.g., in automobiles) in our
culture. Held and Freeman [1] found that visuo-motor learning took place
in both voluntary and involuntary locomotion, but proceeded faster in the
voluntary case. In light of these questions, it would be useful to examine
how the effects found in the present study evolve with learning.

The experiments presented here provide psychophysical evidence that hu-
man spatial vision uses an allocentric reference frame more often in voluntary
self-motion and an egocentric frame more often in the involuntary case, that
this is so whether the reference frame is a conscious or unconscious part of
the subject’s task, and that the voluntary-involuntary difference diminishes
or disappears unless there is a detailed match between the motor command
and the observer’s displacement. These results show that not only the ob-
server’s self-motion cannot be disregarded in spatial vision, but that the
observer’s active role in initiating and producing that motion is crucial.

Appendix

In comparing the visual perception performance across movement condi-
tions in all three experiments, a crucial question is: to what extent are any
movement trajectory differences responsible for the effects observed? By
‘trajectories,’ we will mean the translations of the eye(s) during the portion
of each trial in which the stimulus was visible. The crucial, z-components of
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Figure 5. Average eye displacements along the z-axis, nor-
malized by trial duration, for all subjects in all conditions
of all three experiments, during the portion of each trial for
which the stimulus was visible (2 cycles in Exp. 1, 1 cycle in
Exps. 2 and 3. Gray bars represent standard deviation.

the trajectories are shown in Fig. 5, which qualitatively demonstrates that
trajectories were very similar across conditions in each experiment. Three
types of quantitative analyses have been carried out, and are summarized
below. The results of these analyses, for all three experiments, are that (1)
trajectory differences are minor, and (2) such trajectory differences as exist
between the conditions cannot account for the effects observed.

Trajectory variations. One way of defining the difference between trajec-
tories in two conditions is to compare variations between conditions to those
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within conditions. To define a measure inverse to variation, we use the mean
correlation between z-displacements in all pairs of trials; to calculate corre-
lations between unequal-length trials, the z-coordinate was resampled in 100
time bins in each trial. For example, in Exp. 1, the mean within-condition
correlation is 0.867 in vol, 0.935 in invol, while the mean correlation be-
tween vol and invol is 0.894. This means that, while trajectory variations
in invol are lowest (understandable, since the same experimenter always
produced those trajectories), the differences between trajectories in vol
and invol are lower than the variations within the vol condition, and ap-
proximately equal to average variations within the two conditions. Similar
results hold for Exps. 2 and 3.

Homogenized trajectories. In order to test whether the small differences
in trajectory kinematics could be responsible for the performance differences
between the conditions, trials were subdivided into narrow, homogeneous
subsets by various kinematics pareameters. In Exp. 1, for example, the
RMS z-speed of 87% of trials in vol and invol fell between 15 and 28
cm/s. These trials were divided into 13 equal bins, each bin 1 cm/s wide
and each having a nearly uniform speed distribution. Within every bin,
bias in vol was lower (closer to zero) than in invol: a non-parametric
test for difference in bias between vol and invol would therefore yield
p < 0.05. A similar analysis for z-displacements yielded a similar result, and
so did corresponding analyses for allocentricities in Exps. 2 and 3. Thus,
when we compare across conditions only those subsets of trials in which the
distributions of a given kinematic parameter are nearly identical, we find
the same effects as when we include all trials. Therefore, any variations in
kinematic parameters are unlikely to be responsible for the differences in
visual performance between conditions.

No correlations between trajectories and performance. Finally, as
an additional analysis to test for any dependance of responses on trajectory
kinematics, the following quantities were regressed against the axis angle
responses in Exps. 2 and 3, within each block for each subject: trial duration,
RMS of z-displacements, RMS of xy-displacements, RMS of z-speeds, and
RMS of z-accelerations. After performing t tests on Fisher-transformed
correlation coefficients over all subjects for each quantity in each block,
none of the kinematic quantities was found to have any significant effect on
responses, in any condition (p > 0.05, Bonferoni adjusted). Thus, despite
the small differences between trajectory kinematics in vol and invol, it is
reasonable to compare responses in these conditions, since the responses did
not depend in any significant or consistent way on the kinematics.
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